The effect of molds present in buildings on the health of the occupants is a major issue hence, when a building material is developed, its sensitivity to microbial growth should be assessed. However, few studies have investigated fungal growth on bio-based building materials with the resources available in a laboratory specializing in materials. The objective of this paper is thus to propose a simple and efficient experimental method useful for construction materials laboratories, adapted from methods proposed in the literature. For this purpose, fungal growth was investigated under different environmental conditions on earth-based material with or without the addition of straw or hemp shiv. Samples were inoculated with a strain of Aspergillus brasiliensis and were incubated for 12 weeks at 76, 84 or 93% RH, and 30°C or 20°C. Reproducible results showed that earthbased materials were more sensitive to fungi when they were enriched in plant aggregates. Fungal development was observed on earth material containing plant aggregates after 4 weeks of exposure at 93% RH and 30°C, whereas it was observed after 8 weeks on raw earth material under the same conditions. Additionally, the possibility of quantifying fungal development with increased sensitivity by using image analysis is proposed. Due to the growth of fungal species other than A. brasiliensis, a natural inoculation approach is recommended. One of the conclusions is that liquid water is more favorable to mold growth than relative humidity alone. The addition of liquid water is thus recommended to accelerate the test.
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Introduction
Development of construction materials is often planned to meet objectives and requirements concerning mechanical and/or thermal properties. However, the objective is not necessarily twofold, and other constraints can be defined, which may be as various as fire safety, visual aspect, durability and occupants' health. On this last point, mold risk has been the focus of increasing interest in recent years, for two main reasons. First, buildings are being designed to be increasingly airtight, which limits unwanted air infiltrations but also leads to increased levels of indoor relative humidity. Second, numerous research projects and recent constructions are considering bio based materials, mainly for the low embodied energy and for the renewability of the raw material. These are claimed to be healthy and to increase the indoor comfort of the occupants [1] but it is commonly accepted that the use of plant matter would lead to an increased risk of mold growth. Furthermore, it is estimated that 20% 40% of the housing in Northern Europe and North America is affected by indoor molds [2] . Microbial Volatile Or ganic Compounds (MVOC), responsible for the unpleasant odor, and spores and mycotoxins, which are responsible for various health issues [3, 4] , are by products of this active fungal growth. The incidence of the spores on human health depends on the concentration, exposure time and host factors. An exposure to these fungal by products can generate allergic conditions and impact asthmatic well being particularly among immunocompromised persons [2] . The set of such health problems is part of the Sick Building Syndrome (SBS) or Building Related Illness (BRI). As people spend more than 80% of their time inside buildings [5] , the impact is large.
technique was used on S3 samples only, as mold growth was not sig nificant elsewhere.
Results and analysis

Microscopic observation
The proliferation started with a growth of tiny filaments a few mi crometers in diameter (Fig. 3) , which extended over several millimeters in length above the material surface. The observation thus had to be made at high magnification and then the whole area had to be scanned to detect the hyphae. The magnification chosen, with a 10× objective, allowed a surface area of 0.93 mm 2 to be observed. At such high magnification, the specimen did not appear to be at all monochromatic, even for raw earth with no plant aggregate. Consequently, it was hard to detect the hyphae with this manual scanning method and they could even be confused with plant aggregates. In this case, the magnification 40× could be used to confirm the initial observation. This method was thus long and tedious, yet it seemed a good way to estimate the start of growth (rated 1 on the scale proposed [6] ).
However, when the fungal growth was well established, it was ea sier to observe the molds. Marked fungal diversity was observed, with the varied appearances shown in Fig. 4 . On the first picture (I2 at 3 weeks), no conidia were observed, whereas black conidia could be observed at 5 weeks (or on I1 at 4 weeks). Other molds observed on I3 or I4 presented other shapes, spherical or elongated, and colors: green or blue green. These molds might not have been introduced by the inoculation only. The first occurrence of growth was not observed ex clusively on inoculation sites; in the case of S3 specimens, the fungal proliferation often began on wisps of straw. Here, it is worth recalling that these images were obtained by juxta posing the 165 snapshots taken by an objective of magnification 4×. The overall resolution was about 2300 × 2300 pixels.
Image analysis
Basically, image processing relies on visual changes (either in color or brightness). By modifying the basic image settings (brightness, contrast and gamma correction), mold growth could be identified at six weeks (orange circled zone in Fig. 5 ). This is in line with other studies, e.g. Ref. [50] , where a good correlation between the image analysis and the visual observation was obtained thanks to the discoloration caused by the fungi. However, this was not systematically the case, and some growth could be identified by microscopic observation while it re mained undetected by image analysis. This agrees with the conclusions presented by Van den Bulcke [51] , who stated that some molds were blue green but most were colorless or had a similar color to the back ground. Apart from the color of the mold, it can be seen that the straw inclusions and the inoculation sites stand out from the background, which makes the detection of mold growth more difficult.
Image analysis was performed punctually when mold growth was detected with the naked eye. The methodology can be roughly broken down as follows:
• Segmentation: the objective was to reduce the number of grey levels needed to distinguish mold growth from the background. Here, the number and size of these segments was determined by using a Particle Swarm Optimization (PSO) algorithm [52] . Consequently, the number of grey levels was reduced from 256 to only 3;
• Binarizing: this step distinguished two zones, so that areas with mold growth could be made clear;
• Filtering: very small areas may have resulted from the methodology rather than from mold growth. Consequently, they were removed from the final image;
• Ratio calculation: the pixels corresponding to mold growth were summed so that the percentage of mold growth coverage could be computed.
This technique was successfully applied to a 7 × 7 mm 2 area ex tracted from Fig. 5 . The result of mold growth detection is presented in Fig. 6 , the resolution of which is about 512 × 512 pixels. The relative area covered with mold growth was computed as 22% in this case. This exemplifies the potential of image analysis applied to mold growth. However, this technique could not be applied to the whole surface of the sample, because of the poor quality of the reconstructed image. As illustrated in Fig. 7 , the final image was an assembly of several snapshots, the boundaries of which were visible in some cases. Furthermore, the growth developed above the sample, i.e. in the third dimension. This caused small variations in the focal position, which is also visible on the final image, making it unsuitable for image analysis.
Hence, the conclusions on the application of image analysis to the study of mold growth are mixed. On the one hand, this technique has been proved to be a good candidate for quantifying mold growth cov erage. On the other hand, the present methodology is not robust enough to be applied systematically. As improving image analysis falls beyond the scope of this work, the study of mold growth will rely on micro scopic observation alone in the remainder of the paper.
Rating of the mold growth
After 12 weeks of monitoring, no growth was reported at any time during the test for the lower values of relative humidity (76% and 84% RH), for all temperatures and materials. At 20°C, no growth was ob served on FWAS or H3 specimens. For the S3 specimens, mold growth was detected for only two samples at 93% RH. One of them was clas sified 1 from the second week to the end of the test, showing only one hypha. On the other one, fungal growth appeared 12 weeks after in oculation, directly at stage 2. Mold growth occurred on all samples under one hygrothermal condition only: 30°C and 93% RH. In addition, mold growth was found on inoculated samples only. Finally, the results differed according to the material. Overall, this increases confidence in the methodology.
The fungal growth was described as a function of time and was analyzed using two criteria:
1 The rating attributed each week (to each sample and the median rating) for S3 specimens (Fig. 8 ) and FWAS specimens (Fig. 9) ; 2 The Kaplan Meier survivor curves proposed by Singer and Willet [53] and presented by Johansson et al. [6] . A threshold is defined and corresponds to a sample obtaining a rating of 2 here. The sur vival rate is defined as the proportion of samples that passed the test at a given time (i.e. with a rating lower than 2). If a sample has a rate higher than or equal to 2, it is considered to be dead. This second criterion is somewhat more severe as the evaluation is binary and the scatter on the results has a more limited impact. Conse quently, the times to observe results obtained with this criterion should be systematically shorter than the times obtained with the median value criterion. So, this criterion is useful for a quick com parison among different tests.
Only the five inoculated specimens of each formulation were used to plot Figs. 8, 9 and 10.
The first observation of hyphae (rated 1) took place at 3 weeks after inoculation for an S3 sample at 93% RH and 30°C, while its median rating reached 2 at 5 weeks of incubation (Fig. 8) . The graph shows a large variation of rating among the five specimens. For example, after 9 weeks, one sample was rated 1, one other was rated 2 and the other three were rated 3. Even with the same, strict protocol, the results were scattered.
Concerning FWAS specimens, the first observation of hyphae was made at 8 weeks after inoculation in the same conditions (Fig. 9) . Median rating for FWAS specimens was 0 until 12 weeks. As can be seen on Fig. 9 , only 2 samples out of 5 showed a start of growth within 12 weeks and it reached only the rating of 1.
The second method is illustrated by Fig. 10 and presents the survival rates of S3 specimens according to incubation time. The survival rate was set to 0.8, which, in our case, means that the formulation was as sumed to fail the test as soon as a spot of mold growth reaching rating 2 was detected on one of the samples. For S3 specimens, the threshold was reached after 4 weeks, whereas it took 5 weeks with the first method (median value in Fig. 8 ). Note that all S3 specimens failed the test at 10 weeks.
The longer the incubation time was, the more resistant to microbial growth the material was considered to be. As expected, straw seemed to be more favorable to fungal growth than earth or hemp shiv. Straw constitutes a carbon source that is useful for proliferation. This result was already observed by Hoang et al. [7] with the case of sunflower panels and plywood boards, which were very favorable to microbial growth. The growth may also have been facilitated by the inclusion of plant particles, which made the material more heterogeneous. It has thus been reported that rough surfaces or surfaces with cracks may concentrate moisture and nutrients more easily and thus provide fa vorable conditions for fungal attachment and growth [21, 54] . The fact that fungal growth was less pronounced on hemp shiv samples than on straw samples can be explained by their chemical composition. Harper and Lynch [55] have shown that lignin is resistant to microbial attacks. According to a previous paper [56] , a lignin content of 17.2% was determined for hemp shiv, while it was only 5.5 for barley straw. This high resistance of hemp to fungal growth was already observed by Sedlbauer et al. [57] , who showed that hemp had no risk of developing any mold at all below 95% of RH, whatever the temperature, while mold proliferation on straw was likely to occur from 70% RH.
Irregular observations were continued during an additional time for the samples at 30°C. The main result was that the two non inoculated samples of S3 and one of FWAS also presented fungal growth at 93% of RH. The two non inoculated S3 samples reached a rating of 4 between 14 and 17 weeks and the non inoculated FWAS sample reached a rating of 4 between 17 and 21 weeks. Moreover, the rating of the two in oculated samples of FWAS presenting fungal growth was increased to 2 between 15 and 16 weeks.
Identification of the growing species
After 12 weeks of incubation, all five S3 samples showed fungal growth with conidiophores, reaching the rating of 4. Thus the number of Colony Forming Units per mL of suspension was counted (expressed in log10(CFU/mL)) and the growing species were identified on those samples (Fig. 11) .
This diversity of molds was already noted with the microscopic observation (Fig. 4) . Strikingly, Aspergillus brasiliensis, which was the inoculated strain, was not the predominant species, except for one of the 5 samples (I2), and was not even found in two samples (I1 and I4). However, it was found in three specimens, albeit in an amount well below the other fungal species grown. Aspergillus sp. was identified in two specimens (I1 and I5), undoubtedly of the same genus but species other than A. brasiliensis. Penicillium sp. was identified as the major species on one sample (I3), whereas the major isolate of the last sample (I4) could not be identified because it was only a hyphal growth and no conidiophore production, but belonged to a genus that was not Asper gillus or Penicillium.
The diversity of the fungal species grown indicates initial and/or external contaminations on the material. These contaminations seem to grow more efficiently on earthen materials than Aspergillus brasiliensis. However, no growth was observed on control samples (non inoculated) during the first 12 weeks, whereas inoculated samples had several mycelia on their surface. A parameter other than contamination seems to facilitate unwanted mold growth.
This growth could be explained by the addition of water through inoculation. The droplets might not have dried fast enough for the water effect to be negligible. Liquid water might help to activate or accelerate the fungal growth of species not removed by decontamina tion or deposited afterwards [30] . To validate this assumption, another test was carried out by making five drop deposits of 5 μl of distilled water, as performed by Hoang et al. [7] , instead of the A. brasiliensis inoculum. Fungal growth was observable on the two samples over the same time frame as the samples inoculated with A. brasiliensis. Hyphae were observed from the second week for one sample whereas hyphae and green spores were seen after 6 weeks of incubation for the other. Thus, more than the addition of fungal strains, the addition of liquid water through inoculation seems to initiate the fungal growth on/inside the material when combined with convenient RH and temperature.
The samples with water drop deposits clearly showed that fungal growth occurred without any inoculum. Thus, inoculation seems only to speed up the proliferation, through the addition of water. This finding that liquid water supports fungal growth better than relative humidity alone has been made elsewhere [16, 58, 59] . Even though the results obtained here were not those expected, the identification on growth medium stands as complementary to direct observation for the development of a methodology.
Discussion
The assessment of mold growth on building materials is a major issue and the main objective of this research work was to propose a methodology that could be carried out in a materials laboratory to evaluate a potential fungal proliferation. This objective was reached through some methodological and analysis choices summarized below, although the whole biological process of the experiment was not fully understood and controlled. Nevertheless, this study also led to valuable results and promising perspectives can be foreseen. As the point of view is twofold, the discussion is broken down into two parts. 
